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Abstract 
Ultrafast excited state dynamics of carotenoids in solution and bound to pigment-protein complexes have been investigated by 
means of femtosecond pump-probe spectroscopic measurements. Ultrafast triplet formation of carotenoids bound to pigment-
protein complexes was observed upon excitation of both carotenoids and bacteriochlorophyll. The anomalous reaction of triplet 
formation of carotenoids bound to pigment-protein complexes is discussed in terms of ultrafast triplet-triplet excitation energy
transfer between carotenoid and bacteriochlorophyll. 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Carotenoids (Cars) play the two important roles of light-harvesting and photoprotection in photosynthesis [1,2]. 
In former, Cars bound to the light-harvesting antenna complexes absorb sunlight in the blue and green spectral 
regions and transfer singlet energy in the form of excited states to nearby bacteriochlorophylls (Bchls). This energy 
is subsequently transferred to the reaction centres. This energy transfer process is singlet-singlet excitation energy 
transfer (EET). In latter case, Cars can efficiently accept and safely dissipate triplet Bchl and singlet oxygen states 
produced by absorbing too much light energy. This photoprotective reaction is used by essentially all photosynthetic 
organisms and reflects triplet-triplet EET.  
The S0 ground state of Cars has Ag- symmetry assuming that their linear polyene backbone has C2h point group 
symmetry. The lowest singlet excited state, S1 (21Ag-), is optically forbidden, thus the S2 (11Bu+) state is the lowest 
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one-photon optically allowed state [3]. Many investigations using ultrafast spectroscopic measurements have shown 
that internal conversion (IC) from S2 to S1 of Cars in solution takes place in a hundred femtoseconds and from S1 to 
S0 on the picosecond timescale [2,4-6]. In addition, both theoretical [7] and experimental [2,8] investigations have 
shown the involvement of other “dark intermediate excited states” in the ultrafast deactivation processes of Cars.  
Rhodospirillum (Rsp.) rubrum S1 contain the carotenoid, spirilloxanthin (Spx), which has the longest, naturally 
occurring conjugated polyene chain consisting of 13 double bonds. It has been reported that the efficiencies of the 
S1ĺQy EET and the S2ĺQx EET in the antenna complexes from Rsp. rubrum S1 are 0 % and 30 %, respectively [9-
11]. This Spx bound to these pigment-protein complexes has a particularly high triplet yield on direct excitation of 
Spx [11-13]. The detail of this anomalous formation of the lowest triplet-excited state (T1) has not been well 
understood. In this study, we performed femtosecond pump-probe spectroscopic measurements on Spx in solution 
and bound to the pigment-protein complexes from Rsp. rubrum S1 and the carotenoidless mutant, Rsp. rubrum G9. 
The present work investigates reaction channels for Car T1 formation on excitation of both Spx and Bchl. 
2. Experimental 
The preparation of the samples has been described in detail elsewhere [14,15]. Chromatophores from Rsp.
rubrum S1 and G9 (hereafter we simply refer to Rsp. rubrum S1 and G9) were dissolved in 20mM Tris-HCl buffer 
(pH 8.0). Spx was dissolved in benzene. The samples were circulated in a 1.0 mm optical path length flow cell. All 
measurements were performed at room temperature. 
Our experimental setup for the femtosecond pump-probe spectroscopic measurements based on a mode-locked 
Ti:Sapphire regenerative amplifier (Spectra Physics, Hurricane-X) has been described in detail elsewhere [16,17]. 
Visible excitation pulses were obtained from an optical parametric amplifier (Spectra Physics, OPA800FC). A white 
light continuum probe pulse, generated using a 5.0 mm sapphire plate, was through a spectrometer (Princeton 
Instruments, Acton SP275i) and detected by a photo-diode array (Hamamatsu, S3903-1024Q). The instrumental 
response function of the system, determined by cross-correlation between excitation and probe pulses, was better 
than 100 fs. The cross-correlation function was used to determine the precise zero time delay at each probe energy. 
After chirp compensation, the uncertainty in the zero time delay was less than 10 fs. 
3. Results and discussions 
1.5 2 2.5 30
0.5
1
6008001000
A
bs
or
ba
nc
e
Wavelength (nm)
 Spx in benzene
Rsp. rubrum S1
Rsp. rubrum G9
S2 exc.
Qx exc.
Photon Energy (eV)
S2
S1
S0
Qx
Qy
G
Spx Bchl
T1
A
B
Excitation
N N
N N
O
O O
CO2CH3
O
Mg
OCH
3
OCH
3
Qy
Qx
S2
S*
Coupling
Excitation
( )
?
?
IC: <100fs
IC:  㹼1 ps
IC: <100fs
IC: 㹼ns
Fig.1 (A) Steady-state absorption spectra of Spx 
in benzene and Rsp. rubrum S1 and G9. (B) 
Schematic energy diagrams and chemical 
structures of Spx and Bchl.  
Steady-state absorption spectra of the samples and schematic energy 
diagrams of Spx and Bchl are shown in Fig. 1. Spx in benzene has an 
absorption band above 2.2 eV, which corresponds to the S0-S2 transition. 
Rsp. rubrum S1 and G9 have two distinct absorption bands due to Bchl. 
These bands have correspond to the Qx (2.1 eV) and Qy bands (1.4 eV).  
Figure 2(A) shows photo-induced absorption spectra of Spx in benzene 
after excitation to the S2 state of Spx. The negative absorbance change 
observed above 2.25 eV taken at 0.6 ps is due to the depletion of the S0
ground state. A positive absorbance change is observed at 2.00 eV and that 
can be assigned to the transient absorption from S1 to a higher lying Sn
(n1Bu+) state of Spx (the S1-Sn transient absorption) [2]. The S1-Sn transient 
absorption appears following the ultrafast S2-S1 internal conversion and 
disappears at a delay time of 6.0 ps, when another transient absorption is 
observed at 2.15 eV. This transient absorption spectrum of Spx in benzene 
taken at 6.0 ps is clearly distinct from the S1-Sn transient absorption and 
can be assigned to the S* state [8,11,18-21]. 
Figure 2(B) shows photo-induced absorption spectra of Rsp. rubrum S1 
taken at 1.0 ps after excitation to the S2 state and to the Qx band, and that 
from the carotenoidless mutant, Rsp. rubrum G9, after excitation of Qx. In 
the transient absorption spectrum of Rsp. rubrum G9 a large dip around 2.1 
eV can be assigned to a bleaching of the Qx band of Bchl. The positive 
absorbance change is due to the transient absorption from Qy to a higher-
S. Maruta et al. / Physics Procedia 13 (2011) 58–61 59
Author name / Physics Procedia 00 (2010) 000–000 
lying excited state, following the ultrafast internal conversion from 
Qx. The signals due to Bchl are clearly observed in the transient 
absorption spectra of Rsp. rubrum S1 both after excitation to S2 and 
of Qx. In order to investigate the excited-state dynamics of pure Spx 
in pigment-protein complexes, the difference between Rsp. rubrum
S1 and G9 have been examined. The difference absorbance spectra 
between Rsp. rubrum S1 (S2 exc.) and G9 (Qx exc.) and between S1 
(Qx exc.) and G9 (Qx exc.) are shown in Fig. 3(A) and (B), 
respectively. Negative and positive changes in the difference spectra 
after excitation to S2 are respectively due to the bleaching signal and 
the S1-Sn transient absorption of Spx. A pronounced positive signal is 
observed at 2.18 eV immediately after photoexcitation and remains 
even at a delay time of 50 ps. The spectra taken at 50 ps can be 
assigned to the T1-Tn transient absorption (T1 and Tn are the lowest 
and a higher-lying triplet states, respectively) of Spx [10,12,13]. The 
difference spectra after excitation of Qx have essentially identical 
spectral features with those after excitation to S2. Even though Spx is 
not excited directly, the appearance of the transient signals from Spx 
suggests that singlet-singlet and triplet-triplet excitation energy 
transfer of BchlĺSpx is active upon excitation of Qx. Here, we focus 
our attention on anomalous triplet formation of Spx in the pigment-
protein complexes. 
Figure 4(A) shows a comparison of the kinetics of the absorbance 
changes of Spx in benzene probed at 2.00 eV and 2.19 eV after 
excitation to S2. The dashed lines are the best fits using exponential 
decay and rise components convoluted with a Gaussian instrumental response function. The kinetic traces probed at 
2.00 eV and 2.19 eV, respectively, show the pure S1 and S* dynamics of Spx, because we chose energies at which 
the contributions of S* and S1 are minimal. At a probe energy of 2.00 eV, the S1-Sn transient absorption rises with a 
time constant of 70±10 fs (corresponding to the decay of S2) and decays with a time constant of 1.4±0.1 ps. The 
kinetic trace probed at 2.19 eV shows that the signal from S* rises with the decay of S1 and decays with a time 
constant of 5.8±0.1 ps.  
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Fig.2 (A) Photo-induced absorption spectra of Spx in 
benzene. (B) Photo-induced absorption spectra of Rsp. 
rubrum S1 after excitation to the S2 state and of Qx
together with that of Rsp. rubrum G9 after excitation of 
Qx taken at 1.0 ps. Steady-state absorption spectra are 
also plotted by thin solid lines.
In the case of Rsp. rubrum S1 as shown in Fig. 4(B), the kinetic 
trace probed at 2.00 eV shows the S1 dynamics. At 2.19 eV (open 
circles) the contribution of S1 is minimized. The kinetic trace from 
Rsp. rubrum S1 probed at 2.19 eV involves contributions from both 
S* and T1. The kinetic trace from Rsp. rubrum S1 probed at 2.19 eV 
rises as S1 decays but another fast rise (<100 fs) is also apparent. The 
T1-Tn transient absorption observed at 2.16 eV appears immediately 
after photoexcitation as shown in Fig. 3, hence this fast rise is 
tentatively assigned to T1 formation. Previous studies have suggested 
that S* is populated from S2 is a precursor of Car T1 bound to 
pigment-protein complexes [10,11,18]. However, no T1 signal in 
solution is observed even though S* is clearly visible in the photo-
induced absorption spectrum, as shown in Fig. 2(A). Then, the T1-Tn
transient absorption is also observed after direct excitation of the 
Bchls. Anomalous enhancement of T1 of Spx bound to the pigment-
protein complexes can be explained by ultrafast intersystem crossing 
(ISC) in Bchl and the subsequent triplet (Bchl)ĺtriplet (Spx) EET 
and/or ultrafast hetero-fission of singlet (Bchl)ĺtriplet (Bchl)+triplet 
(Spx). In latter case, the initial state of ultrafast hetero-fission should 
be the Qx state because the triplet state of Spx appears immediately 
after excitation. Then, if the initial state is the Qy state, it should be 
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Fig.3 Difference absorbance change spectra (A) 
between Rsp rubrum S1 (S2 exc.) and G9 (Qx exc.) and 
(B) between Rsp rubrum S1 (Qx exc.) and G9 (Qx exc.). 
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quickly quenched by the ultrafast hetero-fission process. However, the 
transient absorption due to the Qy state appears at longer delay (>100 
ps, data not shown). Such ultrafast ISC has been reported in transition 
metal complexes as a result of strong spin-orbital interactions [22]. 
Then, it has been reported that Spx is conformationally distorted in the 
LH1 complexes [15]. This distorted conformation of Cars may 
facilitate ultrafast and efficient triplet formation [23]. 
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Fig.4 Kinetics traces of absorbance changes from (A) 
Spx in benzene and (B) Rsp. rubrum S1 after 
excitation to S2. Dashed lines are the best fits curves.
In summary, we measured the transient absorption kinetics of Spx 
in solution and bound to pigment-protein complexes. Ultrafast triplet 
formation of Spx bound to pigment-protein complexes was clearly 
observed upon direct excitation of Spx, and then the same reaction was 
also observed after excitation of Bchl.  
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